Abstract ANF-RGC membrane guanylate cyclase is the receptor for the hypotensive peptide hormones, atrial natriuretic factor (ANF) and type B natriuretic peptide (BNP). It is a single transmembrane spanning protein.
Introduction
ANF-RGC is a prototype member of the mammalian membrane guanylate cyclase family. Its discovery was remarkable ( [1] [2] [3] [4] [5] , reviewed in [6] ). It established that ANF-RGC besides being an enzyme is also a surface receptor of the peptide hormone, ANF. It demonstrated that the membrane guanylate cyclase transduction mechanism is distinct from the G-protein-coupled receptors and the soluble guanylate cyclases. Importantly, it ceased the intense debate that questioned the independent integrity of its operation in the mammalian systems.
With the discovery of ROS-GC membrane guanylate cyclase that was solely modulated by the intracellular pulsated levels of Ca 2? within the photoreceptors, the membrane guanylate cyclase family branched into two subfamilies, peptide hormone receptor and Ca 2? -modulated ROS-GC. Significantly, the family got the recognition of being the transducer of both types of signals, generated outside and inside the cells (reviewed in [6, 7] ).
There are three functional members of the peptide hormone receptor guanylate cyclase subfamily. They are ANF-RGC, the receptor of the atrial natriuretic factor [8] [9] [10] , and the type B natriuretic peptide [11] ; CNP-RGC, the receptor of C-type natriuretic peptide (CNP) [12] [13] [14] ; and STa-RGC, the receptor of enterotoxin, guanylin, and uroguanylin [15] . These guanylate cyclases have been alternately termed as GC-A [9, 10] , GC-B [13, 14] , and GC-C [15] , respectively. A recent study shows that ONE-GC, a ROS-GC member, also belongs to the peptide hormone receptor subfamily, it is receptor for the urine peptide, uroguanylin [16] . Presently, it is a sole member of the crossover ROS-GC-hormone peptide receptor subfamily. Thus, this represents the third membrane guanylate cycles subfamily.
All members of the membrane guanylate cyclase family are single transmembrane-spanning proteins, composed of modular blocks (reviewed in [6] ). Their functional forms are all homo-dimeric [17] [18] [19] [20] [21] . In each monomeric subunit, the transmembrane module divides the protein into two roughly equal portions, extracellular and intracellular. The individual modular blocks within each portion provide functional uniqueness to each member of the guanylate cyclase family. Each modular block within the extracellular region of the receptor guanylate cyclases uniquely senses its peptide hormone signal and within the intracellular block of a ROS-GC its Ca 2? signal. The catalytic domain in each membrane guanylate cyclase resides in its intracellular region. However, topographical arrangement of this domain differs in the two sub-families. In the peptide hormone receptor, it is at the C-terminal end, and in the ROS-GC it is followed by a C-terminal extension (reviewed in [7] ).
Like ANF-RGC, ANF is a proto-type hormone of the natriuretic peptide family (reviewed in [22] [23] [24] ). The residential sites of ANF and BNP are in the atrial and ventricular granules of the heart. With each atrial and ventricular stretch, defined doses of these peptides are pulsated into the blood stream and carried to their target tissues where they exhibit their biological activities. Gene knockout studies link ANF and ANF-RGC with salt-sensitive [25] and salt-insensitive hypertension [26] . Thus, ANF and ANF-RGC are critical components of the renal and cardiovascular physiology.
Originally it was shown that ATP facilitates and, subsequently, that it is an obligatory transduction factor in ANF dependent ANF-RGC signaling ( [27] [28] [29] [30] ; reviewed in: [31] ). It functions through two independent mechanisms, direct [27] [28] [29] [30] [32] [33] [34] and indirect [33, 35, 36] . In the direct, ATP interacts with a defined intracellular domain of ANF-RGC. In the indirect, through a hypothetical protein kinase it phosphorylates ANF-RGC.
Two recent studies have reinforced the ATP-dependent mode of ANF-RGC signal transduction mechanism [34, 37] . They have refuted a sole claim [35] that this transduction mechanism is ATP-independent, and have pointed out the technical flaws in this study.
Sequential analysis of the ATP-dependent direct mechanism has resulted in defining some of its temporal features, which have been choreographed in a three-dimensional ARM (ATP Regulated Module) model ( [38, 39] , reviewed in [31] ). The model depicts that ARM domain has two distinct structural elements. One is the ATP-binding pocket and second, the transduction region. The binding pocket resides in the smaller, N-terminal lobe of the ARM and the transduction region in the larger, predominantly helical, C-terminal lobe ( [38, 39] , reviewed in [31] ; Fig. 1 , in yellow. The structure was generated as in [38] . For clarity of presentation (position of ATP, W
601
, and W 669 ), as compared to [31, 38, 39] , the model is rotated around axis. N-and C-terminals, b-sheets (B1, B2, etc.) and the G505 are indicated exposure, in turn, facilitates its direct or indirect activation of the catalytic module [31, 39] .
To test this hypothesis, in the present study, steady state and time-resolved fluorescence analyses of two ARM domain's tryptophan mutants were performed. The fluorescence results were then analyzed in terms of the stereospecific changes occurring within the ARM domain upon ATP binding using 3-D modeling. These crucial stereospecific changes were then confirmed by measuring the guanylate cyclase activity of the full-length ANF-RGC's point and deletion mutants.
Materials and methods

Expression and purification of ANF-RGC ARM domain
In an identical fashion to the earlier ARM fragment construct aa 486-661 [34] , the present ARM fragment, aa 486-692, was amplified from ANF-RGC cDNA by PCR and directly cloned into the ligation independent site of pET30aXa/LIC vector (Novagen). The structure of this construct was verified by the sequence analysis. It was transfected into E. coli BL21-Codon-Plus-RIL cells for protein expression. The ARM domain was expressed as a His-tag-fusion protein and purified to homogeneity according to the earlier protocol [34] with some modifications. The same protocol was followed for expression and purification of the ARM-W 601 A and ARM-W 669 A mutants.
UV cross-linking
According to the previous protocol [34] , 1 lg (50 pmol) of the purified ARM protein in 20 mM phosphate buffer, pH 7.5, was incubated for 5 min with 100 pmol of 2-azido-ATP and 1 lCi [c 32 P]-2-azido-ATP [specific activity 10-15 Ci/mmol (ALT, Inc.)], 1 mM MgCl 2 in a total volume of 25 ll. The reaction mixture was UV irradiated (254 nm) and analyzed by SDS-15% PAGE followed by autoradiography.
Steady state tryptophan fluorescence measurements
All steady state fluorescence experiments were performed using 1 9 1 cm quartz cuvettes in a Cary Eclipse fluorometer (Varian) with 5 nm excitation and emission slits unless otherwise specified. Emission spectra were measured from 300 to 450 nm. 2-5 lM ARM protein (wt-ARM, ARM-W 601 A or ARM-W 669 A) were dissolved in 100 mM Tris-HCl pH 8 buffer containing 1 mM MgCl 2 , 5% glycerol, and 0.2% laurosarcosyl and used in steady state as well as time-resolved fluorescence studies. Spectra were normalized and corrected in some cases for the background. N-acetyl tryptophanamide was used as an external standard. To denature the proteins, they were mixed with buffer containing 6 M guanidine-HCl for 3 min before the measurements. To determine collisional quenching of tryptophan fluorescence, stock solution of 1 M acrylamide was used. The effects of dilution were either negligible or were calibrated in parallel experiments. The quenching data were plotted according to SternVolmer equation
where F 0 and F are the relative fluorescence intensities in the absence and presence of collisional quencher at concentration [Q] , and K D is the Stern-Volmer quenching constant.
Time-resolved tryptophan fluorescence spectroscopy Time-domain measurements were performed on a Fluotime 200 fluorometer (Picoquant) equipped with a Hamamatsu microchannel plate (MCP) providing \50 ps resolution. The emission monochromator was set to 332 nm for W 601 and to 345 nm for W 669 , with the emission and excitation slits fully open, and the polarizers set to the magic angle conditions. The excitation source was a 295 nm LED driven at a 10 mHz repetition rate by a PDL800 driver (Picoquant) fitted with a Corning 7-54 short pass filter for wavelengths below 320 nm. The emission side was equipped with a 303 nm long pass filter in front of the monochromator. Time-resolved fluorescence data were analyzed using Fluofit software package (Picoquant 4.0). Lifetime data were fit using nonlinear-squares analysis to a sum of n exponentials according to the equation:
where a i is the fractional contribution of each life-time component (s i ). When more than one life-time component is indicated, the amplitude-weighted average life-time is reported as:
Förster resonance energy transfer (FRET)
Steady state and time-resolved fluorescence measurements were performed as described above except that increasing concentrations of ATP-fluorescent derivative, 2 0 -0-(Nmethylantraniloyl)-adenosine 5 0 -triphosphate (Mant-ATP) were added to the reaction mixture.
Molecular modeling
Molecular modeling was done on a Silicon Graphics workstation using Sybyl molecular modeling package [SYBYL modeling software (version 6.6) Tripos Associate Inc.] and the figures were generated using Molmol [40] . To optimize the allowed conformations of W 601 , W 669 , and other residues in the 669 WTAPELL 675 motif, systematic conformational search for side chains of these residues along single bonds with an angle increment of 20 degrees was performed. All sterically allowed conformations were analyzed and the one with least energy for each amino acid in the final structure was chosen.
Mutagenesis
Mutations were introduced into the isolated ARM domain and in the full-length ANF-RGC cDNA using Quick Change mutagenesis kit (Stratagene). The authenticity of all mutations was verified by sequence analyses.
Expression in COS cells
COS-7 cells were transfected with ANF-RGC cDNA or its mutants using a calcium-phosphate co-precipitation technique [41] . Sixty hours after transfection, the cells were harvested and their membranes prepared as described earlier [34, 38] .
Guanylate cyclase activity assay Membranes were assayed for guanylate cyclase activity in an assay mixture consisting of 10 mM theophylline (phosphodiesterase inhibitor), 15 mM phosphocreatine, 20 lg creatine kinase, 50 mM Tris-HCI, pH 7.5, and 10 -7 M ANF and 0-1 mM ATP. The total assay volume was 25 ll. The reaction was initiated by the addition of the substrate solution containing 4 mM MgCl 2 and 1 mM GTP, continued for 10 min at 37°C, and terminated by the addition of 225 ll of 50 mM sodium acetate buffer (pH 6.25) followed by heating in a boiling water-bath for 3 min [34, 38] . The amount of cyclic GMP formed was quantified by radioimmunoassay [42] . All experiments were done in triplicate.
Results
Background
The ARM domain in ANF-RGC is the processing unit of the ATP signal transduction. It stretches between residues 496 and 771. Its 3D-model predicts that it is composed of two interconnected lobes, the smaller, N-terminal and the larger, C-terminal [38, 39] ; Fig. 1 constitutes the ATP binding pocket. The importance of the bold-faced residues in the functional vitality of ARM has been validated by the point mutation/expression studies [38] . A UV cross-linking experiment has further confirmed the role of C 634 in ATP binding as evidenced by the direct cross-linking of 8-azido ATP with the bond between C 634 and V 635 [34] . The ARM model predicts that creation of the ATPbound pocket causes two sequential changes in the configuration of the smaller lobe [38, 39] . (1) The lobe's b1 and b2 strands move 3-4 Å and rotate by 15°the floor of the ATP binding pocket. (It is recalled that the floor is a separate domain from the ATP-binding pocket domain [38, 39] .) Gly 505 constitutes the PIVOT for both the movement and rotation. (2) It moves 2-7 Å , the b4 and b5 strands, and the connecting loop. An important consequence of these choreographed changes is the exposure of Ser 506 side chain, which together with Gly 505 plays an important role in transmission of the ANF signaling of the catalytic module of ANF-RGC. This feature of the model has been experimentally validated through site-directed mutation studies [38] . The mutation G 505 A reduces the ATPdependent transduction activity of ANF-RGC by more than 55%; S 506 A by 64%; and of G 505 A and S 506 A together by about 75% [38] .
The present study analyzes the role of the larger lobe of the ARM. This lobe consists of 185 residues, aa 587-771. It is predominantly helical, composed of eight a-helices and two b strands. The ARM model predicts that the ATPdependent configurational changes in the small ATP-bound lobe are transmitted to the second lobe and result in a movement of the aEF helix by 2-5 Å . A conserved 669 WTAPELL 675 motif constitutes this helix. The movement exposes this hydrophobic motif, and thus promotes its direct (or indirect) interaction with and activation of the catalytic module of ANF-RGC [31, 39] . What follows is the systematic functional analysis of this motif and its role in transmitting and transducing the configurational events from the smaller lobe to the catalytic module of ANF-RGC.
Tryptophan fluorescence spectroscopy
ARM constructs
To accomplish the stated objective, the first task was to construct the appropriate ARM constructs. These The 28.1-kDA ARM fragment contains two tryptophan residues, at positions 601 and 669. Therefore, this fragment is appropriate for tryptophan fluorescence analysis.
To segregate the effects of the two tryptophans, each one was mutated through site-directed mutagenesis, resulting in two ARM domain mutants, ARM-W 601 A (contains only W 669 ) and ARM-W 669 A (contains only W 601 ). These mutants were expressed in bacteria, purified, and assessed for their ATP binding characteristics to assure their functional integrities.
Both tryptophan mutants bound [c 32 P]-2-azido-ATP (Fig. 3A: lane ''0 mM ATP''). The specificity of 2-azido-ATP binding was assessed through displacement of the [c 32 P]-2-azido-ATP by an excessive amount of unlabeled ATP (Fig. 3A: lanes ''0.5-6 mM ATP''). The displacement was quantified by scintillation counting (Fig. 3B) . The results showed that non-radioactive ATP competed for the [c 32 P]-2-azido-ATP binding domain in a dose-dependent fashion. The 50% bound [c 32 P]-2-azido-ATP was displaced by 0.6 mM ATP and *80% was displaced by 3 mM ATP. The displacement profiles were almost identical for the two P]-2-azido-ATP in the absence and presence of increasing concentrations of ATP. The reaction mixtures were analyzed through SDS-15% PAGE and the radiolabeled proteins were visualized by autoradiography. B Radiolabeled bands after autoradiography were cut out from the gel, counted for radioactivity (Cherenkov) and the percentage of radioactivity retained was calculated. WtARM was processed identically and served as control mutants and virtually undistinguishable from the wt-ARM (Fig. 3B) .
These results demonstrated that the three proteins, wtARM and both mutants, are functionally equivalent in their ATP-binding properties and, therefore, are appropriate for comparative fluorescence studies. (Fig. 4A) . These values indicate that the two tryptophan residues contribute almost equally to the fluorescence of the wt-ARM domain.
The fluorescence k max is reflective of the polarity of the microenvironment surrounding a tryptophan residue [43, 44] . Increasing polarity causes red shift in the fluorescence k max and decreasing polarity results in its blue shift. Therefore, the observed k max values of 332 nm for W 601 and 345 nm for W 669 indicate that W 669 is located within relatively more polar environment than W 601 . This conclusion was supported by the comparative fluorescence analysis of both tryptophan residues and of the N-acetyl tryptophanamide fluorescence in aqueous solution. In this case the tryptophan is totally exposed to polar environment and its fluorescence exhibits maximal achievable k max for tryptophan in water. After excitation at 295 nm the N-acetyl tryptophanamide fluorescence k max was at 360 nm (Fig. 4A) . The relative blue shift in the fluorescence of both ARM's tryptophans indicates that their environments are less polar than that of N-acetyl tryptophanamide; and, comparatively, the environment of W 601 is less polar than of W 669 . Only after the proteins were denatured with 6 M guanidine-HCl their fluorescence k max was comparable with the fluorescence of N-acetyl tryptophanamide reaching 355-360 nm (Fig. 4B, C) .
That the environments of the two tryptophan residues are different from each other was further supported through the determination of their accessibility to collisional fluorescence quencher. The Stern-Volmer quenching constant K D quantitatively describes this accessibility [45, 46] ) dissolved in 100 mM Tris-HCl pH 8 buffer containing 1 mM MgCl 2 , 5% glycerol, and 0.2% laurosarcosyl were excited at 295 nm and their fluorescence spectra were measured as described in Section ''Materials and methods.'' NATA was dissolved in water at a concentration of 1 lM and was treated identically. Fluorescence emission spectra of the ARM domain's W 601 (B) and W 669 (C) in native and denatured proteins. The ARM domain mutants were denatured using 6 M guanidine-HCl as described in Section ''Materials and methods.'' The spectra were normalized and corrected for the background c Thus, both ARM's tryptophan residues are significantly less accessible to acrylamide than N-acetyl tryptophanamide is and the lowering is 6. (Table 1) . These values show that after denaturation both tryptophan residues are almost equally accessible to acrylamide. The K D values for both ARM's tryptophans are, however, still in excess of 3-fold lower than the 24.5 K D value for N-acetyl tryptophanamide (Table 1 ). This suggests that even after denaturation both tryptophan residues continue to be partially shielded by the side-chains of the surrounding amino acids, which make them not fully accessible to the quencher [47] . When W 601 was excited in the presence of 0.5 mM ATP and 0.5 mM MgCl 2 and the emitted fluorescence was measured, no change in either the fluorescence k max or intensity was observed (Fig. 5A) . In contrast, when the fluorescence of W 669 was measured under the same experimental conditions, there was a significant increase of fluorescence intensity as compared with the fluorescence in the absence of ATP (Fig. 5B) . The increase was about 37%. In addition, ATP caused 5 nm blue shift in the fluorescence k max (Fig. 5B) . Two lM solutions of the ARM domain mutants in Tris-HCl, pH 8, 1 mM of MgCl 2 , and 5% glycerol were used for the experiments. Then, 0.5 mM ATP was added to the solution and the fluorescence spectra were measured after excitation at 295 nm ATP-fluorescent derivative, 2 0 -0-(N-methylantraniloyl)-adenosine 5 0 -triphosphate (Mant-ATP), was used as a probe. Because Mant-ATP's maximum absorption at 355 nm overlaps with emission of the ARM's tryptophan residues but its maximum emission at 448 nm does not, Mant-ATP is the perfect reagent to assess the effect of the ATP binding on the spatial changes occurring around the tryptophan residues.
The ARM-mutants were individually excited in the presence of increasing concentrations (0-0.4 mM) of Mant-ATP and fluorescence of the respective tryptophan residues was measured (Fig. 6) . In both cases, the presence of Mant-ATP resulted in a dose-dependent decrease of the tryptophan fluorescence intensity with a concomitant increase of Mant-ATP's own fluorescence (Fig. 6A ATP forms a stable complex with its binding pocket The ability of Mant-ATP to quench fluorescence of both tryptophans indicates that relatively short distance separates it from these residues. It, however, does not allow discriminating whether Mant-ATP's interaction with ARM domain is static or dynamic, meaning, if Mant-ATP acts as a static or a collisional quencher. The static quencher forms a stable complex with its binding domain, whereas the collisional quencher does not. This was determined using time-resolved FRET fluorescence technique. In this technique, the life-time of a fluorophore changes if the quencher interacts with it dynamically but remains unchanged when the interaction is static. The two ARM's tryptophans were exposed to the excitation wavelength of 295 nm and the average life span of the fluorescence was measured in the absence and the presence of 0.4 mM Mant-ATP. In its absence for W 669 it was 3.60 ns, and in its presence it was 3.67 ns ( Table 2) . For W 601 , the respective values were 3.04 and 3.29 ns (Table 2 ). These results indicate that there is no statistical difference between the fluorescence life times of both tryptophans in the absence and presence of Mant-ATP. It is, thus, concluded that the quenching by Mant-ATP is static, therefore, ATP exists as a complex with the ARM. Together, these fluorescence studies experimentally validate the earlier theoretical predictions of the model [38, 39] . They prove that (1) ATP forms a stable complex with its ARM pocket; (2) [38, 39] . This means that the ATP-bound ARM state of ANF-RGC affects the stereochemistry of the W 669 residue but not of the W 601 .
Modeling studies
Three-dimensional ARM domain model explains the results of the fluorescence studies and depicts the catalytic domain activation mechanism
To pictorially visualize and explain the fluorescence results in 3D-terms, the ARM domain model analysis was focused on W 601 and W 669 and their surroundings in the apo-and ATP-bound states ( [38, 39] ; reviewed in [31] ).
The analysis shows that the environment and conformations of the two tryptophanes in the two states are very different. Both residues reside in the larger lobe of the residue is a part of the helix E structure [38, 39] and does not interface the ATP binding pocket (Fig. 1) . Its sidechain is oriented toward the protein surface, and it is flanked by several hydrophobic residues, F 640 , L 607 , S 606 , and S 596 (Fig. 7A) . Thus, the fluorescence k max value of W 601 at 332 nm is in accordance with these defined structural features. W 669 is located at the end of a loop connecting b8 strand and aEF helix [38, 39] ; and Fig. 1. It is a part (Fig. 7B) . Therefore, the red shift of the fluorescence k max of W 669 at 345 nm is in accordance with these structural features.
The 3D-ARM model also predicts that the structural motif 669 WTAPELL 675 faces the ATP binding pocket (Fig. 1) . None of the residues of this motif has a direct interaction with ATP, yet ATP binding affects their orientations [38, 39] . These changes in their orientations cause a significant increase in the surface hydrophobicity [31, 39] . These features are now experimentally validated by the fluorescence studies as evidenced by a blue shift of the emission spectrum and an increase of the fluorescence intensity (Fig. 5B) .
With these new experimentally validated added features, further insights into the structural dynamics of the 669 WTAPELL 675 transduction motif of the ARM model were attempted. Superimposition of the ATP-free and the ATP-bound forms indicated that ATP binding induces contraction of the entire ARM domain and affects the orientation and environment of W 669 but not of W 601 . The contraction results in shortening of the distance between W 669 , but not W 601 , and the ATP binding pocket (Fig. 7C) . ATP binding also causes reorientation of the W 669 side chain. It turns and becomes more shielded by the surrounding amino acids (blue shift in W 669 fluorescence upon ATP binding; note that the figure shows only the backbone of the amino acid structure but not the respective side chains). Turning of the W 669 side chain pushes the remainder of the motif, 670 TAPELL 675 , to the surface resulting in its exposure. It is envisioned that this exposure makes these residues accessible for interaction with another transduction module of ANF-RGC, possibly with the catalytic domain, propagation of the ATP binding signal, and ultimately activation of the catalytic module.
Mutational analysis
The 669 WTAPELL 675 transduction motif of ARM is obligatory for ATP-dependent signaling of ANF-RGC The above prediction was tested through two approaches involving mutagenesis technique. In Approach 1, deletion mutagenesis and in Approach 2, point mutagenesis were used.
Approach 1 A deletion mutant of ANF-RGC was prepared; it did not contain the 669 WTAPELL 675 motif. To ensure that the deletion did not affect mutant's basal activity, it was compared with the parent ANF-RGC's activity. Both the parent and the mutant cDNAs were individually expressed in COS cells, the membrane fractions were prepared, the expression levels of the proteins were checked through western blots, and the basal and ANF/ATP-dependent guanylate cyclase activities were assessed.
Basal activity. Figure 8A shows that the membranes contained equal levels of the parent and the mutant proteins. They also exhibited almost identical activity (Fig. 8B: compare the values of 6.9 with 7.2 pmol cyclic GMP/min/mg). This conclusion was further verified by the determination of their K m values for the substrate GTP. They were almost identical, 614 lM for the wt and 608 lM for the mutant protein. These results demonstrated that deletion of the 669 WTAPELL 675 motif does not affect the expression, affinity for the substrate, and the basal catalytic activity of the mutant. Thus, the deletion mutant is biochemically sound and can be used to assess the transduction role of the 669 WTAPELL 675 motif in the ATP-dependent ANF signaling of ANF-RGC.
ANF/ATP-dependent activity. The membranes expressing wt-ANF-RGC or the 669 WTAPELL 675 deletion mutant were exposed to constant, 10 -7 M, ANF concentration and increasing concentrations of ATP. As anticipated, the activity of wt-ANF-RGC was stimulated in an ATP-dosedependent fashion with an EC 50 of 0.3 mM (Fig. 8B) . The maximal stimulation was about 12-fold above the basal level (Fig. 8B) . Under the same experimental conditions, the ATP-dependent ANF stimulation of the 669 WTAP-ELL 675 deletion mutant of ANF-RGC was statistically negligible (Fig. 8B) .
The remote possibility that the lack of stimulation of the mutant might have incurred indirectly due to the inactivation of its extracellular ANF receptor domain was ruled out by the following experiment. The receptor activities of both the wt-ANF-RGC and the mutant were assessed through ANF binding, using The basal activities of all the mutants ranged between 6 and 7 pmol cyclic GMP formed/min/mg protein, which was comparable to the control activity of 7.2 pmol cyclic GMP formed/min/mg protein. Thus, all these mutants were properly and equally targeted to cell plasma membrane. They, however, responded in different manners to the ANF/ATP stimulation. The mutants did respond to the ANF/ATP signals but the response was only partial and it was not identical; the saturation activity of wtARM was 12-fold over its basal value, 4-fold for W 669 A mutant, and 6-to 7-fold for T 670 A, P 672 A, and E 673 A mutants (Fig. 9 ). For comparison, the results with the total 669 WTAPELL 675 deleted motif are also provided side by side in Fig. 9 . Guanylate cyclase activity (fold stimulation) Figure 10 shows that the prediction is, indeed, correct. W 669 F and W 669 F mutants responded to the ANF/ATP signal like the wild-type ANF-RGC; the W 669 L mutant was only slightly responsive to the ATP/ANF signal (29% compared to the control) and the response was comparable to that of the W 669 A mutant.
Discussion
The present comprehensive study defines the molecular identity and provides the biochemical description of a new paradigm of the ATP transduction mechanism that controls the ANF signaling of ANF-RGC. About a decade ago this transduction mechanism was predicted through simulation of the 3D-ARM model [38, 39] . The presented study experimentally validates that prediction and provides detailed principles of its operation.
3-D ARM model
The model predicted that one of the three significant changes that occur in configuration of the ARM of ANF-RGC upon ATP binding is that ''It moves the aEF helix by 2-5 Å . It is possible that this movement exposes the site…involved in the interaction between the helix and the catalytic domain. This, in turn, results in the ATP-dependent signaling of the cyclase'' [38, 39] . The structural motif of the aEF helix is 669 WTAPELL 675 .
Model explanation
This meant that the ATP-binding fold, which exists in the smaller lobe of the ARM domain, upon its occupancy by ATP sets in motion the structural movement and rotation of the floor of the pocket [31, 38, 39] (Fig. 1) (Fig. 7B) . In contrast, W 601 does not interface the ATP binding pocket (Fig. 1) , and its side chain is flanked by the hydrophobic residues: F 640 , L 607 , S 606 , and S 596 (Fig. 7A) . In addition to these disclosures, modeling studies provide clues on the mechanism of the ATP-induced structural dynamics of the 669 WTAPELL 675 motif. They predict that the ATP binding to the ARM induces contraction of the entire ARM domain, resulting in shortening of the distance between W 669 and the ATP binding pocket. It also reorients the W 669 residue's side chain. As a consequence, the side chain turns and is now more shielded by the surrounding amino acids. These dynamic events result in exposure of the remaining residues of the 669 WTAPELL 675 motif, the 670-675 residues, TAPELL.
An This issue has been resolved through the deletionmutation expression studies. These studies demonstrate that 669 WTAPELL 675 motif is not essential to the basal activity of ANF-RGC. It is, however, absolutely critical for its ATP-dependent signaling of ANF-RGC. The answer is ''yes.'' Site-directed mutational analysis of the individual residues-W 669 , T 670 , P 672 , E 673 -demonstrate that these residues do not influence the basal activity of the motif. Each of them partially, yet not fully, influences the activity of the whole motif. (Fig. 9 ) and W 669 L (Fig. 10 ) mutants lose most of its signaling activity.
In conclusion, this study through sequential technologies involving steady state, time-resolved tryptophan fluorescence, FRET, molecular modeling, site-directed and deletion mutagenesis, and reconstitution studies have provided the molecular, biochemical and functional identity of a motif, 669 WTAPELL 675 , which is critical in the ATPdependent signaling of ANF-RGC. The location of this transduction motif is in a different domain to that of the ATP-binding domain. It senses the ATP signal indirectly and becomes exposed. This stimulates the catalytic domain of ANF-RGC that resides in its C-terminal. This information advances our understanding as to how ANF signals ANF-RGC, and ANF-RGC controls blood pressure.
